Abstract On-site investigation of phytoplankton samples is important for rapid detection of harmful algal species and for early warning of harmful algal bloom. Molecular detection method by DNA amplification in a portable insulated isothermal PCR (iiPCR) device provides a simple and rapid detection based on fluorescent probe within an hour of reaction time. The assay was developed for a paralytic shellfish toxinproducing dinoflagellate Alexandrium tamiyavanichii. The assay presents the data as positive or negative on the presence or absence of A. tamiyavanichii cells, with a limit of detection (LOD) at five target cells per reaction. While the assay is incapable to accurately quantify cell density, it exhibits high detection accuracy and strongly correlated with quantitative PCR (qPCR) data. The user repeatability of iiPCR assay was evaluated; the results showed that no significant differences in the assay run by different operators. Field applicability of the assay was further validated by environmental samples. Despite the shortcoming of the assay, the overall performance of the assay to detect cells, its low-cost effectiveness, and portability for on-site detection, iiPCR has proven its potential as an early screening tool for harmful algae monitoring.
Introduction
The occurrence of paralytic shellfish toxin (PST)-producing dinoflagellate, Alexandrium tamiyavanichii, is one of the main paralytic shellfish poisoning (PSP) causative species in the genus Alexandrium, with relatively high intracellular toxin concentrations as compared to other toxigenic Alexandrium species [e.g., <180 fmol PST cell −1 from a Malaysian strain of A. tamiyavanichii (Lim et al. 2006) ]. The species was originally described by Balech (1967) from the Bay of Mexico. It was later increasingly reported from the waters of Asian Pacific and Atlantic. Its occurrence in the Gulf of Thailand has been attributed to PSP and human fatality (Kodama et al. 1988) . The species was also reported from Manila Bay, Philippines (Montojo et al. 2003) , Hiroshima, Japan (Beppu et al. 2008) , and north eastern Brazil (Menezes et al. 2010) . The presence of A. tamiyavanichii in Malaysian waters has been well documented (Usup et al. 2002; Lim et al. 2006 ). The species was responsible for the PSP event in 1991 in the Straits of Malacca (Usup et al. 2002) . The species has been shown to be endemic in the south-eastern South China Sea. The species has been found distributed along the coasts of Malaysian Borneo; cell density up to 150 cells L −1 has been detected offshore of southern Borneo (Kon et al. 2015) . However, outbreak of PSP was not recorded from this water. Molecular diagnostic technique has become pivotal in the monitoring of harmful algal species; it replaces the traditional microscopic identification method which is time-consuming and laborious. Various molecular assays are available and have been developed to identify species of Alexandrium, such as the real-time quantitative PCR (qPCR) (Galluzzi et al. 2004; Hosoi-Tanabe and Sako 2005; Dyhrman et al. 2006) , DNA microarray technology (Gescher et al. 2008; Medlin et al. 2013) , loop-mediated isothermal amplification method (LAMP) Nagai 2013) , and Kaneka DNA chromatography chip (KDCC) (Nagai et al. 2016) . These assays, however, required sample handling and analysis in a fully equipped laboratory for reaction set up and result visualization, hence, require sample shipping to the laboratory and needed extra time for result interpretation. To date, molecular assays that developed for the detection of A. tamiyavanichii included the fluorescence in situ hybridization (Kim et al. 2004; Kim and Sako 2005) , multiplex PCR (Nagai 2011) , and qPCR (Kon et al. 2015) . The current focus of method development is towards an application for on-site detection. On-site rapid sample screening is important for rapid detection of this harmful organism to ensure immediate actions of HAB management, and mitigation could be implemented. Here, we introduce a potential method, RayleighBénard convective PCR method (Krishnan et al. 2002) , to rapidly detect the species in the environment. The technique, also called insulated isothermal PCR (iiPCR) (Chou et al. 2011) , enables rapid DNA amplification in a simple heating device that is portable, low-cost, and easy to operate. The small-sized and light-weight device enables field application for rapid DNA amplification. Fluorescence-labeled hydrolysis probe approach was adopted to enable rapid detection upon signal production by the probe. The system has been designed to include an optical detection module to detect fluorescent signals generated by the probe and displays positive or negative readouts on the device.
In this study, we describe an on-site rapid detection based on iiPCR method targeting a PST-producing dinoflagellate, A. tamiyavanichii. The sequence-specific hydrolysis probe was integrated in the method for speciesspecific detection. The primer-probe set used in this study was previously developed for qPCR assay in Kon et al. (2015) . The assay's specificity, sensitivity, reproducibility, and accuracy, as well as user repeatability were evaluated. The assay was further validated using spiked samples and environmental samples.
Materials and methods

Algal cultures
Algal cultures were grown in ES-DK medium (pH of 7.8-8.0, salinity of 30; Kokinos and Anderson 1995) . Cultures were maintained at 25 ± 0.5°C under a 12:12-h light to dark photoperiod in a temperature-light controlled growth chamber, illuminated by cool-white fluorescent bulbs with light intensity of 100 μmol photons m −2 s −1 . Clonal cultures of A.
tamiyavanichii AcSM01 from Kuching, Sarawak (1.60928°N , 110.32448°E), and AcTB01 from Tumpat, Kelantan, Malaysia (05.8978472°N, 102.4836389°E), were used in this study.
Insulated isothermal PCR
The qPCR primers and probe set used in this study are as follows: [TamiiF, 5′-GCATTGATGTGCTTGACTGCA TTGC-3′; TamiiR, 5′-GCAACACACACCAATGTACA ACCAC-3′; Tamia-probe, 5′-6-FAM-TGAGCTGTAAG GGTCAATGTGTATGCA-MGB-3′]. These primers and probe were designed using nucleotide sequence of A. tamiyavanichii (strain: AcSM01) from Samariang, Sarawak, Malaysian Borneo (Kon et al. 2015) . The primers targeted a short sequence region in the second internal transcribed spacer (ITS2) of rDNA. The hydrolysis probe had a melting temperature (Tm) of 10°C higher than both primers. The primers and probe concentrations were optimized by qPCR assay as detailed in Kon et al. (2015) on an ABI 7500 Fast Real-time PCR System (Applied Biosystems, Life Technologies, USA). Primer concentrations ranging from 0.3-0.5 μM, and probe 0.1-0.2 μM, were tested by qPCR. The concentrations of 0.3 μM primers and 0.2 μM probe that gave optimum amplification efficiency (AE > 90 %) were used for iiPCR.
The iiPCR device heats the cylindrical reaction tube from the bottom at a fixed temperature (95°C), creating temperature gradient inside the column of the reaction tube that drives the fluid convection and circulates the reaction components. Denaturation, annealing, and extension steps of PCR occur through the temperature zones in a circulation pathway where bottom temperature of~95°C for denaturation and top and middle zone temperature of 60 to 70°C for annealing/ extension (Fig. 1) . The PCR convection flow inside the reaction tube is highly stabilized and insulated from the fluctuation of environmental conditions.
For iiPCR run, 50 μl iiPCR mixture was prepared by adding 25 μL universal Uni-ii iiPCR buffer (GeneReach, Taichung, Taiwan), 0.3 μM of each forward and reverse primers, 0.2 μM hydrolysis probe, 15 U iiPCR Taq DNA polymerase (BioMi, Taichung, Taiwan), and 5 μL of genomic DNA (gDNA) template. The prepared iiPCR mixture was then transferred into R-tube (GeneReach), and iiPCR amplification was performed in a POCKIT Nucleic Acid Analyzer (GeneReach). The reaction time was preset to 1 hour. POCKIT analyser generates the signal to noise (S/N) ratio (signal intensity after /signal intensity before ) as a threshold for determining the positive or negative readouts. S/N ratio <1.2 indicates negative reaction, >1.3 is positive reaction, while (?) indicates undefined result (S/N, 1.2−1.3) which requires re-attempt.
Assay specificity
The specificity of the A. tamiyavanichii-specific primers and probe has been tested by using PCR, qPCR assays (methods as in Kon et al. 2015) , and iiPCR in this study. The specificity of the primer-probe set was tested using gDNAs of AcSM01 and AcTB01.
To assess the detection sensitivity and limit of detection (LOD) of the assay, single-cell isolation was carried out by micropipetting technique to isolate cells. A range of cell numbers from one to 20 cells was extracted and analyzed in triplicate. The gDNAs were then extracted using a commercial kit, DNeasy Plant Mini Kit (Qiagen, Germany) following the manufacturer's instructions. DNA concentration and purity were determined spectrophotometrically on a BioDrop Touch Duo (Promega, USA).
Assay reproducibility
For the reproducibility of the iiPCR assay by different operators, 96 positive and 20 negative spiked environmental samples were prepared and undergone DNA extraction by using the same kit as described above. The environmental seawater samples were first confirmed in the absence of target cells by microscopic and qPCR assay before spiking with known numbers of A. tamiyavanichii cells. A total of 116 samples were then distributed to two operators to perform the iiPCR analysis. The same samples were distributed to the operators to avoid variability caused by extraction procedure. Of the 96 positive samples analyzed, the number of positive, undefined, and negative results generated by the two operators were counted and recorded in the contingency table. Chi-square test was then used to determine the inter-operators variation. These samples were analyzed in parallel with qPCR assay to evaluate the accuracy of the results produced by iiPCR assay.
Kappa statistic test (к) was performed to measure the level of agreement between the two assays (Viera and Garrett 2005) .
Field validation
Further validation on field application was undertaken using environmental collected samples. The samples were collected from 150-L seawater and concentrated by a 10-μm mesh plankton net. The samples were then filtered onto 0.2 μm pore-size nylon membranes and preserved in 30 mL modified saline ethanol (Miller and Scholin 2000) . One-mL aliquots of the saline ethanol-preserved samples were used to extract the gDNAs using the same commercial kit as described above. The samples were then analyzed by iiPCR to determine presence/absence of A. tamiyavanichii cells.
Results and discussion
Optimization of probe-based iiPCR
Positive readouts by the iiPCR assay revealed the specificity of the Malaysian strains of A. tamiyavanichii (strains: AcSM01 and AcTB01), further affirmed the suitability of the primers and probe for iiPCR method (Fig. 2a) . The target amplicons were detected by gel electrophoresis, with the expected product size of~150 bp (Fig. 2b) .
The amplicon flanked by the primer pair was designed to be less than 150 bp. Longer fragment length or higher GC content of amplicons requires a higher temperature for denaturation and is less suitable to be completely amplified in iiPCR system. This is because the heating source is maintained at a single fixed temperature of 95°C and the PCR cycles are driven by thermal convection (Chou et al. 2011 ). In addition, shorter amplicons also ensure the process of denaturation and annealing/extension to be completed within the reaction time of 1 hour pre-set in the POCKIT Analyser. The amplicons had a melting temperature of 79-80°C which has been verified experimentally by melting curve analysis in the qPCR study (Kon et al., 2015) . Hence, the amplicons could be denatured completely at 95°C for efficient primers annealing.
There are two universal iiPCR buffers commercially available, Uni-ii LS and Uni-ii HS buffers. Both Uni-ii buffer systems were optimized for iiPCR reaction on POCKIT, and showed applicability in detecting A. tamiyavanichii in our study. In evaluating the efficiency of the two buffers in amplification, both buffers showed similar sensitivity in detecting minimum number of cells in a sample. Analysis on the S/N ratios derived from both buffers showed that Uni-ii HS buffer allowed better cutoff point between the positive and negative reactions. The results showed that no template control (NTC) from Uni-ii LS buffer generated average S/N ratio of 1.1521 while NTC from Uni-ii HS buffer generated 1.0774, which was far more from the threshold of 1.2; hence, Uni-ii HS buffer was chosen for the subsequent iiPCR reactions.
Assay sensitivity
DNA extraction method was standardized in this study by using a commercial kit, DNeasy® Plant Mini Kit, to ensure similar and consistent extraction efficiency. The kit has been shown applicable in extracting gDNAs of this dinoflagellate (Fredlund et al. 2008; Kon et al. (2015) . In the evaluation of LOD using clonal culture cells, our results revealed that the assay showed positive readouts for samples containing a minimum of five target cells, with gDNA concentration of 1.61 ± 0.37 μg mL −1 . This suggested that the LOD of the iiPCR assay is five cells per reaction, with the condition that the sample matrix is free from contaminants. This is sensitive enough for field investigation to detect cells at early stage bloom.
The detection sensitivity for the iiPCR assay was comparable to that of other molecular diagnostic techniques such as qPCR assay that showed similar LOD (Kon et al. 2015) . Some other molecular methods such as LAMP, however, showed a higher sensitivity that detected as low as single cells . In the iiPCR assay, inconsistent results (with negative or undefined signals) were observed in samples containing single cells. It is likely that the DNA was too low to generate positive signals (S/N < 1.3). Hence, the assay is unable to detect single cells. Nonetheless, the assay showed 100 % detection for positive signals containing 5, 10, and 20 cells, respectively (Table 1) , showing the consistency of the assay.
Assay reproducibility and accuracy
To evaluate the inter-reproducibility of the iiPCR assay, a total of 116 spiked samples were analyzed by two operators, and no significant difference was observed in the results obtained by the two operators (χ 2 = 1.902, P = 0.3864). Figure 3 illustrated the signals generated from positive samples by the two operators. For the positive samples, only 60−69 % of the samples generated positive signals by both operators, others generated relatively low S/N ratios (<1.3). It is likely that these samples contained low concentration of DNA or high levels of contaminants, because most of the same samples were tested negative (or undefined) by both operators. The efficiency of DNA extraction using various techniques and protocols has been demonstrated to significantly affect downstream analysis of DNA work (e.g., . We showed previously that the recovery rate of DNA extracted by DNeasy Plant Mini Kit the Qi was <10 % (Kon et al. 2015) , implying that a more reliable extraction method should be established to achieve accurate detection in field samples. Secondly, false negative Samples were tested in triplicate, and the positive readouts are shown ? undefined signals could be due to pipetting error during reaction master mix preparation. Despite the false negative results obtained, both operators did not produce any false positive signals for the negative samples, further validated the reproducibility of the assay. The accuracy in detecting A. tamiyavanichii cells by the iiPCR assay was further proven with the qPCR results performing on the iiPCR positive (n = 31) and negative (n = 10) spiked samples, indicating a total agreement between the iiPCR and qPCR assays (к = 1.0). Field validation performed in parallel using iiPCR and qPCR assays showed total agreement between the two assays, with at least three positive signals out of the four replications ( Table 2 ). Detection of the target cells by using iiPCR assay was not affected by the presence of environmental sample matrix in the field samples.
Conclusion
The iiPCR assay integrates that the fluorescently labeled hydrolysis probe has been demonstrated its field applicability and high accuracy in detecting the target species rapidly. The integration of hydrolysis probe eliminates the need for any post-amplification processing steps (e.g., gel visualization), and the results are displayed automatically as readouts on the POCKIT system. Despite the limitation in quantifying cells, the assay offers a rapid and low-cost platform for a screening tool in on-site detection of harmful microalgal species.
